· We examined the mating system of the Amylostereum symbionts of Siricid woodwasps.
2 consider whether the prolonged association and predominantly asexual mode of reproduction have affected the mating system of the fungal partner. DNA sequence information for the pheromone receptor gene rab1 encoded at the mat-B locus, as well as the eukaryotic translation elongation factor 1α gene and the ribosomal RNA internal transcribed spacer region were utilized. The identification of rab1 alleles in A. chailletii and A. areolatum populations revealed that this gene is more polymorphic compared to the other two regions, although the diversity of all three regions was lower than the corresponding genes in other free-living Agaricomycetes.
Our results indicated that suppressed recombination might potentially be implicated in the diversification of rab1, while no evidence of balancing selection was detected. In addition, positive selection was detected at only two codons suggesting that purifying selection rather than positive selection represents an important driving force in the evolution of rab1. Therefore, the long-term symbiotic relationship with their insect partners has not only affected the diversity at this mating-type locus, but it has also influenced the manner in which selection drives and maintains this diversity in A. areolatum and A. chailletii.
INTRODUCTION
Most eukaryotic organisms reproduce sexually to generate offspring even though it is more costly than asexual reproduction (e.g., Barton and Charlesworth 1998; Otto 2003) . This costly reproductive strategy could be maintained because recombination acts to provide advantageous genotypes necessary for adaptation to changing environments or because recombination acts to eliminate deleterious mutations (e.g., Zeyl and Bell 1997; Taylor et al. 1999; Neiman et al. 2010 ). Both of these hypotheses are consistent with the fact that the absence of sexual reproduction decreases the overall fitness of an organism and could ultimately lead to extinction (Butlin 2006; Paland and Lynch 2006; Howe and Denver 2008 ). An observation in fungi is that most asexually reproducing populations retain some level of sexual reproduction, despite its cost, thus generally favouring a system of mixed modes of reproduction (Taylor et al. 1999; Hsueh and Heitman 2008) .
Notwithstanding the advantages, mixed modes of sexual and asexual reproduction appear not to be feasible in all organisms. For example, the fungal symbionts of insects mainly reproduce asexually and are transmitted from mother to offspring in a vertical fashion (Chapela et al. 1994; Judson and Normark 1996) . These modes of reproduction and transmission ensure codependence between the symbiotic partners, but could lead to a reduction in genetic diversity (Rispe and Moran 2000; Mira and Moran 2002) . The absence of sexual recombination could also result in an accumulation of mildly deleterious mutations, increased genetic drift, more rapid sequence evolution (i.e., excess of amino acid substitutions), a shift in nucleotide base composition due to mutational bias and genome erosion (Rispe and Moran 2000; Kaltenpoth et al. 2010) . Nevertheless, several ancient lineages of asexually reproducing organisms still exist in successful symbiotic relationships (Welch and Meselson 2001; Jany and Pawlowska 2010) . In 4 these relationships, it is thought that selection by the host might limit the accumulation of deleterious mutations in the symbiont (Kaltenpoth et al. 2010) .
In this study, we considered the ancient and obligate symbiotic relationship between the wood-rotting fungus Amylostereum areolatum and its hymenopteran Siricid insect partner, Sirex noctilio. In this relationship, the fungus is necessary for the development of the larvae, while the woodwasp spreads the asexual spores and/or mycelium of the fungus (Vasiliauskas et al. 1998, Thomsen and Koch 1999) , thereby facilitating vertical transmission of A. areolatum (Madden 1981) . Like other fungal symbionts of insects (Chapela et al. 1994; Judson and Normark 1996) , A. areolatum can also reproduce sexually and has a tetrapolar mating system, i.e., the genes governing sexual recognition in the fungus are present on two unlinked mating type loci (mat-A and mat-B) (Boidin and Lanquetin 1984; van der Nest et al. 2008; . In fungi with tetrapolar mating systems, the mat-A locus harbours genes that encode homeodomain proteins (functional transcriptional factors), while the mat-B locus harbours genes that encode peptide pheromones and pheromone receptors (e.g., Brown and Casselton 2001; Heitman et al. 2007 ). The sexual sporocarps of these fungi are, however, rarely found in nature and usually only in the native range of the insect and fungus (Vasiliauskas and Stenlid 1999; Slippers et al. 2003; Nielsen et al. 2009 ). The population biology of these fungi also suggests that, like other insect symbionts, they rely on the woodwasp for the effective spread of asexual spores (Vasiliauskas et al. 1998; Vasiliauskas and Stenlid 1999; Thomsen and Koch 1999) .
The evolutionary forces acting on the mat loci are thought to drive divergence between mat alleles, thus ensuring compatibility between individuals in a population (e.g., May et al. 1999; Devier et al. 2009) . A form of balancing selection, known as negative frequency-dependent selection, probably acts to preserve the characteristically high allelic and nucleotide diversities at 5 these loci (May et al. 1999) . This mechanism involves the selection for rare alleles, because individuals carrying such rare alleles will be sexually compatible with a larger proportion of other individuals in the population (May et al. 1999; Ruggiero et al. 2008 ). Diversity at the mat loci of eukaryotes is also promoted by accelerated evolutionary rates, which is evident in the increased frequency of non-synonymous substitutions located in these regions (Vicoso et al. 2008; Devier et al. 2009 ). These high rates of substitution could be ascribed to suppressed recombination and/or positive selection, where the former prevents the loss of mutations and the latter acts to maintain beneficial amino acid substitutions (Uyenoyama 2005; Menkis et al. 2008; Vicoso et al. 2008 ).
The overall aim of this study was to determine whether the symbiotic relationship between A. areolatum and S. noctilio, together with a predominantly asexual mode of reproduction in the fungus, has influenced the evolution of the genes determining sexual recognition in the fungal partner. Two specific questions were addressed: i) How does the pattern and extent of polymorphism at a mat locus compare to those in other regions of the genome? (ii) Which evolutionary forces most likely influence the patterns and rates of polymorphism at the mat loci?
To answer these questions we utilized DNA sequence information for the pheromone receptor gene (rab1) encoded at the mat-B locus, as well as the eukaryotic translation elongation factor 1α (Tef-1α) gene and the ribosomal RNA (rRNA) internal transcribed spacer (ITS) region, which includes the spacers ITS1, ITS2 and the 5.8S rRNA gene. The rab1 gene has been demonstrated previously to be involved in sexual recognition in A. areolatum (van der Nest et al. 2008 ). For comparison, we included data from the closely related species A. chailletii that more frequently reproduces sexually (Vasiliauskas et al. 1998; Vasiliauskas and Stenlid 1999; Slippers et al. 6 2 0 0 1 ) . F i n a l l y , t h e s e s y s t e m s w e r e a l s o c o m p a r e d w i t h t h o s e o f o t h e r f r e e -l i v i n g Agaricomycetes.
MATERIALS AND METHODS

Fungal strains
Heterokaryotic isolates of A. areolatum (CMW16848) and A. chailletii (NAc3) were included for the identification and characterization of pheromone receptor genes. Additionally, twenty-five isolates each of A. areolatum and A. chailletii obtained from various culture collections were included to investigate the allelic variation and diversity of pheromone receptor genes in naturally occurring isolates (Supplementary Tables 1 and 2 ). These isolates were selected to capture the known diversity of the fungi and were collected from South Africa, Brazil, Argentina, Australia, New Zealand, United States of America, Canada, France, Sweden, United Kingdom, Switzerland, Denmark, Norway, Austria, Italy, Greece and Lithuania. Working cultures of these heterokaryons were maintained on potato dextrose agar (PDA) (24 gL -1 of PDA, 1 gL -1 glucose, and 1 gL -1 yeast extract) (Biolab, Johannesburg, South Africa). All of the isolates used in this study are also maintained at 4 ºC in the culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, Pretoria, South Africa.
Genomic DNA was collected from the isolates using the method described by Zhou et al. (2004) .
PCR, cloning and nucleotide sequencing of the rab1 gene
A large portion of the the rab1 gene sequence for A. areolatum (CMW16848) was available from a previous study (van der Nest et al. 2008) , while that for A. chailletii was identified using degenerate PCR primers (br1-F and br1-R; Supplementary Thermal cycling conditions consisted of an initial denaturation step at 94°C for 2 min followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 10 min. The resulting PCR products were purified using polyethylene glycol (PEG) precipitation (Steenkamp et al., 2006) and the purified PCR products were cloned using the pGEM-T Easy vector System I (Promega Corporation, Madison, USA).
PCR products were cloned in order to obtain haplotype phases of all sequences derived from the heterokaryotic isolates. The cloned products were amplified from individual colonies with plasmid-specific primers (Steenkamp et al., 2006) , after which the PCR products were purified using PEG precipitation. The purified products were then sequenced with the plasmid-specific primers, Big Dye Cycle Sequencing kit version 3.1 (Perkin-Elmer, Warrington, UK) and an ABI3700 DNA analyzer (Applied Biosystems, Foster City, USA).
To obtain the sequences upstream and downstream of these fragments in A. areolatum and A. PCR products were amplified, cloned and sequenced as described above.
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All sequence files were analyzed with Chromas Lite 2.0 (Technelysium) and BioEdit version 7.0.2.5 (Hall 1999). They were also compared to those in the protein database of the National Centre for Biotechnology Information (www.ncbi.nih.nlm.gov) using BlastX. To predict the f e a t u r e s i n t h e s e c o n d a r y s t r u c t u r e o f t h e R a b 1 p r o t e i n , w e u s e d T O P C O N ( http://topcons.cbr.su.se/), which calculates consensus predictions using a Hidden Markov Model and inputs five commonly used topology prediction methods (Bernsel et al., 2009 ).
Allelic variation and diversity of rab1, Tef-1α and ITS
To identify unique rab1 alleles in A. areolatum and A. chailletii, we used two approaches to discover polymorphisms among a diverse set of 25 isolates of each species. The one approach entailed analysis a 186-base pair (bp) region of rab1, which was previously shown to be polymorphic (van der Nest et al. 2008 ). This fragment was amplified and sequenced using primer set RABF+RABR (Supplementary Table 3 ). The second approach involved PCR-RFLP (restriction fragment length polymorphism) analysis of a 682-bp fragment of the rab1 gene. For this purpose, PCR products were generated with primers RAB1-470F and RAB1-1800R (Supplementary Table 3 ) for the 25 isolates of A. areolatum. The amplicons were then digested with the enzyme EcoRV (Roche Diagnostics) and visualised with agarose gel (Roche Diagnostics) electrophoresis (Sambrook et al. 1989; van der Nest et al. 2008 ).
Based on the polymorphisms observed, a set of 13 isolates for each of A. areolatum and A.
chailletii, were selected. For these isolates, the 682-bp portion of the rab1 gene was sequenced for A. areolatum, as well as for A. chailletii using primer set RAB7+RAB8 (Supplementary Table 3 ). For comparative purposes, portions of the two housekeeping loci, ITS and Tef-1α, were also amplified and sequenced for the 13 isolates of each species. Primer set ITS1+ITS4
(Supplementary Table 3 ; White et al. 1990 ) was used to amplify of the ITS region of both 9 species. For the Tef-1α region, the primer set TEFac1+TEFac2 (Supplementary 
Molecular evolution of rab1
To identify the evolutionary forces acting on the pheromone receptor genes of A. areolatum and A. chailletii, all the unique rab1 alleles identified in this study were examined. The A. areolatum rab1 alleles were amplified and sequenced using primer set RAB9+RAB10 (Supplementary Table 3 ) for isolates CMW8900 and CMW2822, while the identified A. chailletii rab1 alleles were amplified and sequenced using primer set RAB11+RAB12 (Supplementary Table 3) for isolates LIIAc116, DAC2, US2 and It1.8.
The CODEML program in the PAML version 3.14 package (Yang and Nielson 2002) was used to determine patterns of selective pressure acting on the pheromone receptor alleles identified in the two fungi. The phylogenetic tree required by CODEML was generated by subjecting a MAFFT-generated nucleotide alignment of rab1 to a maximum likelihood ( Positive selection was evaluated by computing w across all the sites for each of the loci (Yang et al. 2000; Devier et al. 2009 ), where w reflects the non-synonymous (dN)/synonymous (dS) substitution rate ratio (Yang and Nielson, 1998) . To test for variation of selective pressures across the codons, goodness of fit was calculated for the different site-specific models proposed
by Yang et al. (2000) . Statistical significance was calculated with likelihood ratio tests (LRT), which entailed analysis of the c 2 distribution of 2∆ln (i.e., twice the log likelihood difference between the two models) values for the different models (Yang and Nielson 1998) , where the degrees of freedom were equal to the differences in number of parameters between the two models (Yang et al. 2000) .
To determine whether balancing selection acts on rab1 to maintain rare alleles over long evolutionary times (Vieira et al. 2008 Significance was assigned by comparing the summed tree length from the actual data to those from 100 artificial datasets.
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RESULTS
PCR, cloning and nucleotide sequencing of the rab1 gene
It was possible to identify and sequence the complete pheromone receptor gene rab1 (1539 bp) in A. areolatum, as well as a large portion of the gene in A. chailletii (1265 bp). Typical of pheromone receptors, the inferred amino acid sequences for the Amylostereum Rab1 (Fig. 1) harboured the seven transmembrane-spanning helices that are characteristic of the rhodopsin- areolatum.
Allelic variation and diversity of rab1, Tef-1α and ITS
A total of 8 and 6 polymorphisms were observed within the 186-bp alignment of rab1 for the 25 Table 5 ) nucleotide polymorphisms, respectively, were identified. However, in both species, about half of the polymorphisms were located in the rab1 dataset. As a result, the nucleotide diversity or π-values (0.004 and 0.02, respectively) for the rab1 regions in A. areolatum and A. chailletii were generally higher than the π-values for the ITS and Tef-1α regions (Table 1) .
Among the 13 representatives for each species, the number of alleles identified in the three genes (rab1, ITS and Tef-1α) investigated ranged from 2 to 6 for A. areolatum and 3 to 5 for A. chailletii ( Figure 2A ). With regards to rab1, the same three alleles that were identified within the set of 13 A. areolatum isolates were also detected in the set of 25 A. areolatum isolates collected in different regions of the world (Supplementary Table 4 ). In contrast, an additional rab1 allele was detected in the global collection of 25 A. chailletii isolates. The A. chailletii isolates included in this study thus harboured at least four pheromone receptor alleles (Supplementary Tables 2   and 5 ), although some apparently occur at very low frequencies ( Fig. 2A ). These findings were also supported by the PCR-RFLP analysis with EcoRV. (Fig. 2B ). These over-represented genotypes were also homozygotic, with both nuclei of the heterokaryon having the same allelic state.
Molecular evolution of rab1
A large proportion of the three A. areolatum rab1 (1579 bp) alleles, as well as the five A.
chailletii rab1 (1448 bp) alleles were sequenced (GenBank accession numbers KC865531-865538) (Fig. 1) . In A. areolatum, alleles shared 99.0-99.9 % nucleotide sequence identity with 15 polymorphic sites (Supplementary Table 6 ). The alleles in A. chailletii shared more than 98.0 % nucleotide sequence identity with each other (Supplementary Table 6 ), while they shared only 83 % nucleotide sequence identity with the A. areolatum rab1 alleles. This suggests that all the alleles belong to the same sub-locus. This follows from the fact tthat the pheromone receptors in C. cinerea belonging to the same sub-locus are > 60 % similar, while those in different sub-loci are < 32-35 % similar (Riquelme et al. 2005 ).
Comparison of the rab1.1 allele with the rab1.2 and the rab1.3 alleles in A. areolatum revealed two polymorphic sites that result in non-synonymous amino acid substitutions (present in the long cytoplasm carboxy-terminal intracellular tail) (Fig. 1) . The single polymorphic site identified in the rab1.2 and rab1.3 alleles represented a silent substitution, which suggests that the rab1.2 and rab1.3 alleles are functionally equivalent in sharing the same mating type specificity. Several non-synonymous substitutions were identified among the rab1 alleles present in A. chailletii (Fig. 1) , including one in transmembrane region 1, one in the transmembrane region 5, two in the intracellular loop 3 and two in the long cytoplasm carboxy-terminal intracellular tail.
Calculations using model M3 with variable selective pressures acting on the codons and models that assume no selection (M0) provided a better fit for rab1 ( Table 2 ). The log likelihood difference between M3 and M0 was 4.57 with a significant c 2 distribution test result (P < 0.05), while the log likelihood differences were not significant for M2 and M1, M5 and M1, M6 and M1 or for M8 and M7. Therefore, the positive-selection models (M2, M5, M6 and M8) did not provide a better fit in comparison to models that assume no positive selection (M1 and M7).
Even though the models that assume positive-selection did not provided a better fit, all of these models identified two positively selected codons (codons 256 and 373) respectively located in the intracellular loop EL3 region and in the long cytoplasm carboxy-terminal intracellular tail.
However, at the 95 % level, only models M5 and M6 identified these codons as being subject to positive selection (Table 2 ).
The rab1 alignment (consisting of 337 amino acids) and ML phylogeny included sequences of the A. areolatum and A. chailletii rab1 alleles identified in this study, as well as sequences from the pheromone receptors present in other Basidiomycetes and Ascomycetes (Fig. 3) Figure 1D) , suggesting that recombination is restricted to withinspecies interactions.
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DISCUSSION
This study represents the first attempt to investigate the evolution of a mating type locus of a fungus involved in an obligate mutualism with an insect. The Amylostereum-Sirex association has impacted significantly on the biology and evolution of the fungal partner, similar to that observed in other symbionts. This is reflected in the predominantly asexual mode of reproduction of A. areolatum and A. chailletii and their overall low genetic diversity. The data presented here clearly demonstrate higher levels of diversity in the rab1 pheromone receptor in A. areolatum and A. chailletii compared to ITS and Tef-1α. However, the diversity of all three genes was lower than the corresponding genes in other free-living Agaricomycetes. Rather than positive or balancing selection, purifying selection represents an important driving force in the evolution of rab1 in A. chailletii and A. areolatum. Our study thus suggests that the long-term symbiotic relationship with their insect partners has not only affected the diversity at this locus, but it has also impacted on the manner in which selection drives and maintains this diversity in A.
areolatum and A. chailletii.
Comparison of the inferred amino acid sequences of the Amylostereum rab1 with those in
other Agaricomycetes revealed that they share the same structure and conserved domains (e.g., heterokaryon formation (Marsh et al. 1991) . To confirm that this occurs in Amylostereum, it will be necessary to do transcript profiling and functional analyses. The pheromone receptor encoded by rab1 in the fungi examined is thus subject to selection for diversification.
Previous work on sex-related genes has shown that their diversification may be driven by balancing selection and suppressed recombination ( chailletii detected in this study. For example, the non-synonymous substitutions located in the third extracellular loop region EL3 of the pheromone receptor that interacts with the mating pheromones (Reneke et al. 1988 , Niculita-Hirzel et al. 2008 ) could alter the mating type specificity. Non-synonymous substitutions located in the third intracellular region (loop IL3) and the C-termini cytoplasmic tail have also been implicated in mating type specificity as both these regions of the receptor interact with G proteins and affect G protein signalling (Hegner et al. 20 1999; Gola et al. 2000; Marsh et al. 1991; Karlsson et al. 2008 et al. 2009 ). These fungi also have a tetrapolar mating type system, but they predominantly represent self-fertilizers that require only two pheromone receptor alleles and apparently do not need positive selection to generate and maintain additional alleles.
A similar situation may exist in A. areolatum, which also appears to have only two functional rab1 alleles, based on differences at the amino acid level, that could alter mating type specificity.
The possibility that there are additional alleles at this locus that were missed in this study cannot be excluded, even though we sampled from various regions of the world. Nevertheless, our results suggest that purifying selection represents an important driving force in the evolution of rab1 in A. chailletii and A. areolatum. Tables 4 and 5 ) and by incongruencies among the phylogenies inferred from the three loci studied (Supplementary Figure 1) . Our results thus highlight the fact that, despite a predominant asexual mode of reproduction, A. areolatum and A.
chailletii also reproduce sexually (Milgroom 1996; Otto 2003; Haag and Roze 2007; Houbraken et al. 2008) . This is consistent with the notion that asexual reproduction allows for the maintenance of the symbiotic relationships of these fungi, while occasional sexual reproduction ensures their fitness and abiltiy to adapt to change. During such sexual interactions, polymorphism at the mat loci ensure compatibility among partners, which is the consequence of suppressed recombination that drives diversification of these loci. However, the predominantly asexual lifestyle of these fungi has apparently relaxed the need for positive selection to maintain additional mat alleles.
ACKNOWLEDGEMENTS
We thank the National Research Foundation (NRF), members of the Tree Pathology Cooperative Programme (TPCP) and the THRIP initiative of the Department of Trade and Industry (DTI), South Africa for financial support. areolatum and A. chailletii clustered in a species-specific manner, closely with the pheromone receptor genes CcSTE3.3 in C. cinerea and LbSte3.3 in L. bicolor (Niculita-Hirzel et al. 2008; Martinez et al. 2009 ). c Mean number of pair-wise differences among sequences (Nei and Li, 1979) .
REFERENCES
1
TABLES
d Ratio of non-synonymous nucleotide variation to synonymous nucleotide variation. Table 2 . Likelihood scores and parameter estimates for the site-specific models (Yang et al., 2000) evaluated in this study. w=1.000
a Site-specific models implemented in the CODEML program in PAML version 3.14 package (Yang and Nielson, 2002) .
b Model likelihoods used for calculating statistical significance with likelihood ratio tests (LRT), which entailed analysis of the c 2 distribution of 2∆ln (i.e., twice the log likelihood difference between the two models) for the different models (Yang and Nielson, 1998) .
c The non-synonymous (dN)/synonymous (dS) substitution rate ratio (Yang and Nielson, 1998 e The probability that R M is less than or equal to the observed RM. 
a Polymorphisms located in introns are indicated with asterisks.
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a Polymorphisms located in introns are indicated with asterisks. Deletions are indicated with hyphens and unknown bases with "n".
b insert sequence "TT" c insert sequence "TCGGCTCCTACCCGCACATGT"
